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1
METHODS AND APPARATUS FOR IMAGE
FUSION

FEDERALLY SPONSORED RESEARCH

This invention was made with government support (Grant
No. and federal agency withheld). The government of the
United States has certain rights in this invention.

BACKGROUND

Image fusion, or the combination of multiple images of the
same or similar scene(s), is used to achieve a higher resolution
image of the scene, or an image containing more information
about the scene than may be typically obtained from a single
image of the scene. A traditional approach to image fusion
uses software to digitally combine image data acquired from
separate image sensors. This approach requires multiple
image sensors, and optionally multiple optical sub-systems to
direct electromagnetic radiation to each of the image sensors.
The need for additional hardware (beyond a single image
sensor and associated optics) as well as computational
resources (to provide the digital image combination)
increases the size, cost and power requirements of such sys-
tems. Another conventional approach to image fusion opti-
cally combines images using one or more beamsplitters.
However, this approach leads to high transmission loss, pos-
sible coherence effects, and becomes difficult, if not impos-
sible, as the image bandwidth increases.

SUMMARY OF INVENTION

Aspects and embodiments are directed to methods and
apparatus for achieving image fusion at a single detector
plane without requiring the use of beamsplitters or digital
post-processing.

According to one embodiment, an imaging system com-
prises an imaging detector, a first optic configured to receive
electromagnetic radiation representing a first image volume
and to focus the electromagnetic radiation to form a first
image at a focal plane of the imaging detector, and a second
optic configured to form a second image at the focal plane of
the imaging detector overlapping the first image, the second
optic configured to receive electromagnetic radiation repre-
senting a second image volume, to slice the second image
volume into a plurality of image slices and to reimage the
plurality of image slices onto the focal plane of the imaging
detector to reconstruct the second image, the second optic
having an optical axis that is offset by a non-zero angle with
respect to a surface normal of the imaging detector.

In one example the imaging detector is a focal plane array
(FPA). In another example the second optic includes a struc-
tured relay optic configured to refocus each image slice such
that a center of the image slice is coincident with the focal
plane of the imaging detector at a height of the slice from the
optical axis. The structured relay optic may include an array
of mirrors or an array of lenses, for example. In one example
the first optic has a first optical axis that is aligned with the
surface normal of the imaging detector. The imaging system
may further comprise a third optic configured to form a third
image at the focal plane of the imaging detector overlapping
the first and second images, the third optic configured to
receive electromagnetic radiation representing a third image
volume, to slice the third image volume into a plurality of
second image slices and to reimage the plurality of second
image slices onto the focal plane of the imaging detector to
reconstruct the third image, the third optic having a third
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optical axis that is offset with respect to the surface normal of
the imaging detector by an angular complement of the non-
zero angle. The imaging system may further comprise at least
one additional pair of optics positioned offset with respect to
the surface normal of the imaging detector and configured to
reconstruct a corresponding at least one pair of additional
images at the focal plane of the imaging detector, the at least
one pair of additional images being reconstructed from cor-
responding pluralities of additional image slices. In one
example the first optic is configured to slice the first image
volume into a plurality of first image slices and to reimage the
plurality of first image slices onto the focal plane of the
imaging detector to reconstruct the first image, the first optic
having a first optical axis that is offset with respect to the
surface normal of the imaging detector by an angular comple-
ment of the non-zero angle.

According to another embodiment a method of image
fusion comprises forming a first image at a focal plane of an
imaging detector, segmenting a source image volume into a
plurality of image slices, each image slice having an image
volume, individually reimaging the plurality of image slices
onto the focal plane of the imaging detector at an angle of
incidence that is offset by a non-zero value with respect to a
surface normal of the imaging detector such that the image
volume of each image slice overlaps the focal plane, recon-
structing a substantially in-focus second image at the focal
plane from the plurality of image slices, and fusing the first
and second images to produce a fused image.

In one example forming the first image includes focusing
electromagnetic radiation along a first optical axis aligned
with the surface normal of the imaging detector to produce the
first image at the focal plane. In another example individually
reimaging the plurality of image slices onto the focal plane
includes refocusing each image slice such that a center of the
image slice is coincident with the focal plane. The method
may further comprise setting a magnification of the first
image to be approximately equal to a magnification of the
second image.

According to another embodiment, a method of image
fusion comprising forming a first image at a focal plane of an
imaging detector at a first angle of incidence aligned with a
surface normal of the imaging detector, and forming at least
one second image at the focal plane of the imaging detector at
a second angle of incidence offset from the surface normal of
the imaging detector by a non-zero offset value, the at least
one second image being substantially in focus and overlap-
ping the first image.

The method may further comprise fusing the first image
and the at least one second image to produce a fused image. In
one example forming the at least one second image includes
forming at least one pair of second images, the angle of
incidence of one second image of the pair being an angular
complement of the angle of incidence of the other second
image of the pair. In another example forming the at least one
second image includes forming a plurality of pairs of second
images at the focal plane of the imaging detector. The method
may further comprise setting a magnification of all second
images to be equal to a magnification of the pair of second
images having the angle of incidence with a largest non-zero
offset value. In one example forming the at least one second
image includes segmenting a source image volume into a
plurality of image slices, each image slice having an image
volume, individually reimaging the plurality of image slices
onto the focal plane of the imaging detector at the angle of
incidence that is offset by the non-zero offset value with
respectto the surface normal of the imaging detector such that
the image volume of each image slice overlaps the focal
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plane, and reconstructing the at least one second image at the
focal plane from the plurality of image slices.

Still other aspects, embodiments, and advantages of these
exemplary aspects and embodiments are discussed in detail
below. Embodiments disclosed herein may be combined with
other embodiments in any manner consistent with at least one
of the principles disclosed herein, and references to “an
embodiment,” “some embodiments,” “an alternate embodi-
ment,” “various embodiments,” “one embodiment” or the like
are not necessarily mutually exclusive and are intended to
indicate that a particular feature, structure, or characteristic
described may be included in at least one embodiment. The
appearances of such terms herein are not necessarily all refer-
ring to the same embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

Various aspects of at least one embodiment are discussed
below with reference to the accompanying figures, which are
not intended to be drawn to scale. The figures are included to
provide illustration and a further understanding of the various
aspects and embodiments, and are incorporated in and con-
stitute a part of this specification, but are not intended as a
definition of the limits of the invention. In the figures, each
identical or nearly identical component that is illustrated in
various figures is represented by a like numeral. For purposes
of clarity, not every component may be labeled in every
figure. In the figures:

FIG. 1 is a diagram of one example of sliced source optical
imaging system in which the imaging detector is tilted with
respect to the optical axis of the system according to aspects
of the invention;

FIG. 2 is a diagram of example of an image fusion tech-
nique using sliced source imaging according to aspects of the
invention;

FIG. 3 is a diagram of another example of an image fusion
technique using sliced source imaging according to aspects of
the invention;

FIG. 4A is a diagram illustrating one example of an image
fusion system including multiple source images according to
aspects of the invention; and

FIG. 4B is a plan view of the system of FIG. 4A, also
illustrating some additional sliced source optics according to
aspects of the invention.

DETAILED DESCRIPTION

Aspects and embodiments are directed to an imaging sys-
tem that is capable of fusing multiple images on one imaging
sensor plane without requiring the use of beamsplitters. Con-
ventional imaging requires that the optical axis of the imaging
system align to the surface normal of the imaging detector in
order to keep the image in focus. Aspects and embodiments
are directed to the use of “sliced source” imaging techniques
in which this requirement of normal incidence is relaxed and
images may be formed, in-focus, at non-normal angles of
incidence on the detector plane. Using sliced-source imaging
techniques, the object or an image of the object is divided into
a series of slices that are individually reimaged onto a tilted
image plane. The imaging detector, aligned with this tilted
image plane, reconstructs an in-focus image from the series of
slices, as discussed further below. Thus, since the imaging
detector is able to obtain in-focus images from electromag-
netic radiation incident at many different angles, not limited
to normal incidence, multiple images from different view
angles may be combined at a single image plane with no
relative distortion, and without requiring the digital post-
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processing associated with fusing images from different sen-
sors as is done in conventional systems.

Itis to be appreciated that embodiments of the methods and
apparatuses discussed herein are not limited in application to
the details of construction and the arrangement of compo-
nents set forth in the following description or illustrated in the
accompanying drawings. The methods and apparatuses are
capable of implementation in other embodiments and of
being practiced or of being carried out in various ways.
Examples of specific implementations are provided herein for
illustrative purposes only and are not intended to be limiting.
Also, the phraseology and terminology used herein is for the
purpose of description and should not be regarded as limiting.
The use herein of “including,” “comprising,” “having,” “con-
taining,” “involving,” and variations thereof is meant to
encompass the items listed thereafter and equivalents thereof
as well as additional items. References to “or”” may be con-
strued as inclusive so that any terms described using “or”” may
indicate any of a single, more than one, and all of the
described terms.

Referring to FIG. 1, there is illustrated one example of an
imaging system configured to implement sliced source imag-
ing techniques, allowing a substantially in-focus image to be
produced on a tilted or rotated imaging detector 150. Fore-
optics 110 directs incident electromagnetic radiation 120 into
the imaging system toward a relay optic 130. An image 140 of
a distant object or scene is formed by the fore-optics 110 at a
first image plane 142, and is reimaged by the relay optic 130
onto the tilted imaging detector 150 that is aligned and coin-
cident with a second, tilted image plane 152. The relay optic
130 focuses the reimaged electromagnetic radiation 125 onto
the imaging detector 150. As shown in FIG. 1, the imaging
detector 150 is tilted with respect to the optical axis 115 ofthe
imaging system. The imaging detector 150 may be a focal
plane array (FPA), for example. Foreoptics 110 may be any
type of optical element, including any number of lenses and/
or mirrors, or merely an entrance aperture, as will be readily
appreciated by those skilled in the art, given the benefit of this
disclosure.

As discussed above, in one embodiment, the image volume
144 of the image 140 is divided into a series of slices 165 that
are individually reimaged by the relay optic 130 onto the
tilted imaging detector 150, providing a segmented image
volume 160 that overlaps the tilted imaging detector, as illus-
trated in FIG. 1. According to one embodiment, the relay
optic 130 is configured to refocus each slice 165 such that the
center of the slice is coincident with the focal plane of the
imaging detector 150 at the height of the slice from the optical
axis 115. Since the focal plane is tilted, the relative focal
distances between adjacent slices progresses in discrete steps
from the bottom of the focal plane to the top. Provided that the
tilt of the imaging detector 150 relative to the optical axis 115
is not excessive, the difference in the component of distance
along the optical axis of the focal plane will not vary by more
than the depth of focus over the height of the slice 165. In this
case, each entire slice 165 remains in focus on the focal plane
of the imaging detector 150, and since each slice is thus
positioned, the image 140 may be faithfully reproduced on
the tilted focal plane. In this manner, a substantially complete
overlap may be achieved between the tilted imaging detector
150 and the reconstructed image volume 160 comprised of
the plurality of slices 165. Thus, substantially the entire image
formed at the imaging detector 150 may be in focus. The only
distortion of the reconstructed image on the imaging detector
150 is a linear magnification equal to 1/cos(8) where 0 is the
angle between the optical axis 115 and the surface normal of
the imaging detector 150. This approach enables access to the
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imaging detector 150 from directions other than along the
optical axis 115, and thus the capability to project multiple
images onto the same plane, as discussed further below.

The relay optic 130 may be implemented in numerous
ways, for example, using an array of lenses and/or or mirrors.
In one embodiment the relay optic 130 is segmented into
elements 135 as shown in FIG. 1. In one example, each
element 135 of the relay optic 130 has the same reflecting
angle, but with a uniform progression of delay distances
relative to one another such that the image slices have differ-
ent optical path lengths, as discussed above.

However, in other examples the reflecting angles may be
different. In one example, the relay optic 130 is a lenslet array
comprised of a plurality of lenslets each having a different
focal length. In this example, since each lenslet has a different
focal length, each lenslet forms an image portion (corre-
sponding to a slice 165) at a slightly different distance from
the relay optic 130. The focal lengths of the lenslets may be
selected such that the distances at which the image slices 165
are formed corresponds to the tilt of the imaging detector 150,
and the depth of focus of each slice overlaps the imaging
detector 150, as illustrated in FIG. 1 and discussed above. In
other examples, depending on the overall optical design, the
focal length of the lenslets may be the same. Furthermore, in
other examples, the relay optic 130 may be constructed using
optical elements other than lenses, such as a faceted or
stepped mirror, an array of mirrors, or a deformable mirror or
mirror array, for example. The relay optic 130 may be imple-
mented in numerous different ways and, regardless of physi-
cal implementation, functions to “slice” the source image and
reimage each of the slices individually onto a rotated image
plane such that a substantially in-focus reconstruction of the
entire image is obtained, while substantially eliminating
retro-reflection from the system.

Various embodiments, examples, and demonstrations of
sliced source imaging systems and methods are discussed in
commonly-owned, co-pending U.S. application Ser. No.
13/680,950 filed on Nov. 19, 2012 and titled “METHODS
AND APPARATUS FOR IMAGING WITHOUT RETRO-
REFLECTION;,” which is incorporated herein by reference in
its entirety. Any of these embodiments or examples may be
used to implement the optical imaging systems discussed
herein.

As discussed above, using sliced source imaging tech-
niques allows access to the imaging detector 150 from mul-
tiple directions or view angles. Accordingly, multiple optics
may be used to project multiple images of a scene onto the
same plane, or onto a single imaging detector, where they can
be combined to produced a fused image. FIG. 2 illustrates an
example of a system configured to use sliced source imaging
to achieve image fusion in this manner. Image fusion may be
performed by the imaging detector 150 or by a processor, or
other computing device capable of image processing, coupled
to the imaging detector 150.

Referring to FIG. 2, a primary optic 210 is arranged to
focus electromagnetic radiation 215 along an optical axis
coincident with the surface normal of the imaging detector
150. Thus, the primary optic 210 produces a first (non-seg-
mented) image 220 at the imaging detector 150. A second
optic configured to implement sliced-source imaging and
including the relay optic 130 is position off-axis with respect
to the surface normal of the imaging detector 150, and pro-
duces the reconstructed image 160 (comprised of the plurality
of slices 165) at the imaging detector, as discussed above.
Thus, the primary optic 210 and the relay optic 130 form
in-focus and overlapping images 160, 220 at the imaging
detector 150. These images 160, 220 may be combined (or
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fused) using any of numerous well-known image fusion tech-
niques, as will be understood and appreciated by those skilled
in the art, given the benefit of this disclosure.

According to one embodiment, the images 160, 220 may
be maintained in focus on the imaging detector 150 and with
no relative distortion by coordinating the magnification of
each image along the elongated direction to be the same,
regardless of the angle of incidence on the electromagnetic
radiation 125, 215. For example, this may be achieved by
setting the magnification of the projection of the image on the
focal plane of the imaging detector 150 to that of the image
with the largest angle of incidence. Thus, in the two-image
example of FIG. 2, the primary optic 210 may be configured
to impart a magnification to the image 220 that is equal to the
magnification of the image 160 that is caused by its angle of
incidence relative to the surface normal of the imaging detec-
tor (namely 1/cos(B), as discussed above).

Referring to FIG. 3, in another embodiment, a third optic
130a also configured to implement sliced-source imaging
may be positioned at the angular complement of the second
optic 130. This third optic 130a focused electromagnetic
radiation 1254 onto the imaging detector to reconstruct a third
image 160a at the imaging detector 150. This third image
160a comprises a plurality of slices (not shown) similar to the
image 160 reconstructed by the second optic 130. If the optics
130 and 130a are positioned in a common plane, the angles of
incidence of electromagnetic radiation 125 and 125a are the
same (but in opposite directions) relative to the surface nor-
mal of the imaging detector 150, and the optics 130, 1304 are
substantially the same, there will be no relative distortion
between the images 160 and 160a. In one example, an optical
imaging system may be constructed using the optics 130 and
130a positioned at angular complements as shown in FIG. 3,
without including the primary optic 210.

The concept of performing image fusion using sliced-
source imaging may be extended from the examples shown in
FIGS. 2 and 3 to include multiple pairs of sliced-source
optics, as illustrated in FIGS. 4A and 4B. Multiple pairs of
optics 310, 330 may be positioned about the primary optic
210 such that each focuses electromagnetic radiation onto the
imaging detector 150 with a certain angle of incidence rela-
tive to the surface normal of the imaging detector. Referring
to FIG. 4A, the plane 320 bounded by equatorial line 325
represents the location of the image plane with which the
imaging detector 150 is aligned. Each optic 310 or 330 may
include a structured relay optic 130 and be configured to
implement the sliced-source imaging techniques discussed
above so as to reconstruct in-focus images on the image plane
320. Although not shown in FIGS. 4A and 4B, it will be
appreciated by those skilled in the art, given the benefit of this
disclosure, that any one or more of the optics 210, 310, 330
may share common foreoptics and/or a common entrance
aperture, or may have their own associated foreoptics and/or
entrance apertures.

Referring to FIG. 4B, the sliced-source optics 310, 330
may be arranged in pairs (1, 2, 3,4, and 5), each pair including
two optics positioned at complementary angles relative to the
primary optic 210 and the surface normal of the imaging
detector 150, as discussed above. Accordingly, there is no
relative distortion between the images produced by each optic
310 or 330 of a given pair. Various methods may be used to
correct for relative distortion across numbered pairs. For
example, linear distortion, caused by image magnification,
between the images produced by different pairs along a com-
mon equatorial line (e.g., between the image from the primary
optic 210, the images from pair 1 and the images from pair 5)
may be eliminated by configuring the optics 310, 210 to set
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the magnifications to be that of the pair with the largest angle
of incidence (e.g., pair 5), as discussed above. In some
examples, different optics pairs (e.g., pair 1 and pair 2) may be
configured to use different wavelengths of electromagnetic
radiation for imaging. In such examples, the imaging detector
150 may be a multi-wavelength detector configured for imag-
ing in one or more spectral bands. The use of different wave-
length ranges, for example, visible and longwave infrared
(LWIR), may be beneficial since it may allow a fused image
to be produced containing more information than is obtain-
able by imaging in a single spectral band. In addition, knowl-
edge of the location (relative to the surface normal to the
imaging detector 150, for example) of optics configured for a
given wavelength or range of wavelengths, may be used to
apply digital processing to correct for relative distortion
between the images from different numbered pairs. In other
example, some level of relative distortion between images
may be acceptable (i.e., image fusion may be performed even
with the relative distortion present) such that no correction is
necessary.

Thus, aspects and embodiments may provide optical imag-
ing systems that are capable of forming multiple overlapping
in-focus images on a common imaging detector to allow
image fusion techniques to be applied to the images. Sliced
source imaging provides the ability to form an in-focus image
on a focal plane that is rotated with respect to the optical axis
(i.e., atan angle of incidence offset from the surface normal of
the imaging detector), and thereby allows access to the imag-
ing detector from multiple angles of incidence. As a result, an
arbitrary number of images may be combined on the same
location of a single imaging detector without the need for
digital post-processing, and without the need for beamsplit-
ters or any of the drawbacks associated with them. Thus,
neither the image quality nor the light throughput of the
system may degrade with an increase in bandwidth or with the
number of imaging being overlapped.

Having described above several aspects of at least one
embodiment, it is to be appreciated various alterations, modi-
fications, and improvements will readily occur to those
skilled in the art. Such alterations, modifications, and
improvements are intended to be part of this disclosure and
are intended to be within the scope of the invention. Accord-
ingly, the foregoing description and drawings are by way of
example only, and the scope of the invention should be deter-
mined from proper construction of the appended claims, and
their equivalents.

What is claimed is:

1. An imaging system comprising:

an imaging detector;

afirst optic configured to receive electromagnetic radiation

representing a first image volume and to focus the elec-
tromagnetic radiation to form a first image at a focal
plane of the imaging detector; and

a second optic configured to form a second image at the

focal plane of the imaging detector overlapping the first
image, the second optic configured to receive electro-
magnetic radiation representing a second image volume,
to slice the second image volume into a plurality of
image slices and to reimage the plurality of image slices
onto the focal plane of the imaging detector to recon-
struct the second image, the second optic having an
optical axis that is offset by a non-zero angle with
respect to a surface normal of the imaging detector.

2. The imaging system of claim 1, wherein the imaging
detector is a focal plane array (FPA).

3. The imaging system of claim 1, wherein the second optic
includes a structured relay optic configured to refocus each

10

15

20

25

30

35

40

45

50

55

60

65

8

image slice such that a center of the image slice is coincident
with the focal plane of the imaging detector at a height of the
slice from the optical axis.

4. The imaging system of claim 3, wherein the structured
relay optic includes an array of mirrors.

5. The imaging system of claim 3, wherein the structured
relay optic includes an array of lenses.

6. The imaging system of claim 1, wherein the first optic
has a first optical axis that is aligned with the surface normal
of the imaging detector.

7. The imaging system of claim 6, further comprising:

a third optic configured to form a third image at the focal
plane of the imaging detector overlapping the first and
second images, the third optic configured to receive
electromagnetic radiation representing a third image
volume, to slice the third image volume into a plurality
of second image slices and to reimage the plurality of
second image slices onto the focal plane of the imaging
detector to reconstruct the third image, the third optic
having a third optical axis that is offset with respect to
the surface normal of the imaging detector by an angular
complement of the non-zero angle.

8. The imaging system of claim 7, further comprising at
least one additional pair of optics positioned offset with
respect to the surface normal of the imaging detector and
configured to reconstruct a corresponding at least one pair of
additional images at the focal plane of the imaging detector,
the at least one pair of additional images being reconstructed
from corresponding pluralities of additional image slices.

9. The imaging system of claim 1, wherein the first optic is
configured to slice the first image volume into a plurality of
first image slices and to reimage the plurality of first image
slices onto the focal plane of the imaging detector to recon-
struct the first image, the first optic having a first optical axis
that is offset with respect to the surface normal of the imaging
detector by an angular complement of the non-zero angle.

10. A method of image fusion comprising:

forming a first image at a focal plane of an imaging detec-
tor;

segmenting a source image volume into a plurality of
image slices, each image slice having an image volume;

individually reimaging the plurality of image slices onto
the focal plane of the imaging detector at an angle of
incidence that is offset by a non-zero value with respect
to a surface normal of the imaging detector such that the
image volume of each image slice overlaps the focal
plane;

reconstructing a substantially in-focus second image at the
focal plane from the plurality of image slices; and

fusing the first and second images to produce a fused
image.

11. The method of claim 10, wherein forming the first
image includes focusing electromagnetic radiation along a
first optical axis aligned with the surface normal of the imag-
ing detector to produce the first image at the focal plane.

12. The method of claim 11, wherein individually reimag-
ing the plurality of image slices onto the focal plane includes
refocusing each image slice such that a center of the image
slice is coincident with the focal plane.

13. The method of claim 11, further comprising setting a
magnification of the first image to be approximately equal to
a magnification of the second image.

14. A method of image fusion comprising:

forming a first image at a focal plane of an imaging detector
at afirst angle of incidence aligned with a surface normal
of the imaging detector; and
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forming at least one second image at the focal plane of the
imaging detector at a second angle of incidence offset
from the surface normal of the imaging detector by a
non-zero offset value, the at least one second image
being substantially in focus and overlapping the first
image.

15. The method of claim 14, further comprising fusing the
first image and the at least one second image to produce a
fused image.

16. The method of claim 14, wherein forming the at least
one second image includes forming at least one pair of second
images, the angle of incidence of one second image ofthe pair
being an angular complement of the angle of incidence of the
other second image of the pair.

17. The method of claim 16, wherein forming the at least
one second image includes forming a plurality of pairs of
second images at the focal plane of the imaging detector.
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18. The method of claim 17, further comprising setting a
magnification of all second images to be equal to a magnifi-
cation of the pair of second images having the angle of inci-
dence with a largest non-zero offset value.
19. The method of claim 14, wherein forming the at least
one second image includes:
segmenting a source image volume into a plurality of
image slices, each image slice having an image volume;

individually reimaging the plurality of image slices onto
the focal plane of the imaging detector at the angle of
incidence that is offset by the non-zero offset value with
respect to the surface normal of the imaging detector
such that the image volume of each image slice overlaps
the focal plane; and

reconstructing the at least one second image at the focal

plane from the plurality of image slices.
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